We study theoretically the coherent nonlinear optical response of doped semiconductors with partially occupied subbands. When the Fermi energy of an occupied subband approaches the exciton level of an upper subband, the absorption spectrum acquires a characteristic double-peak shape originating from the interference between the Fermi-edge singularity and the exciton resonance. We demonstrate that, for the off-resonant pump excitation, the pump/probe spectrum undergoes a dramatic transformation in the coherent regime, with a strong time-dependent exchange of oscillator strength between Fermi edge singularity and exciton peaks. We show that this effect originates from the many-body electron-hole correlations which determine the dynamical response of the Fermi see. To calculate the nonlinear absorption spectrum, we use the coupled cluster method combined with time-dependent SchriefferWolff transformation. Possible experimental applications are discussed.
Ultrafast nonlinear spectroscopy offers a unique perspective into the role of many-body effects in semiconductors [1] . While the linear absorption spectrum provides information about static properties, ultrafast time-resolved spectroscopy allows one to probe the system on time scales smaller than those governing the interactions between elementary excitations. In this coherent regime, the dynamics of many-body correlations plays an important role in the transient changes of the absorption spectrum [2] . For example, in undoped materials, four-particle correlations and exciton-exciton interactions were shown to play a dominant role in the optical response for specific sequences of the optical pulses [3] [4] [5] .
In modulation-doped quantum wells (QW), the optical properties are dominated by the Fermi edge singularity (FES) [6, 7] . Unlike in the undoped case, where the linear absorption exhibits discrete bound state peaks whose width is ultimately determined by the homogeneous broadening, the FES is a continuum resonance whose lineshape is governed by the Coulomb interactions of the photoexcited carriers with the low-lying Fermi sea excitations. In this article we study the popular pump/probe measurements where, at time t = 0, a strong "pump" pulse excites the system whose optical response is measured, at time τ , by a weak "probe" pulse. The effect of the Fermi sea (FS) on the ultrafast nonlinear response is twofold. First, in the doped systems the interactions are dynamically screened. Therefore, the many-body correlations enter into the nonlinear response not via long-ranged excitonexciton interactions, but through the dynamical response of the FS to a sudden appearance of a valence hole. Since such electron-hole (e-h) correlations come from the "dressing" of the valence hole by gapless FS excitations, the response of the FS to the ultrafast optical pulses is intrinsically unadiabatic [12, 11] . Second, for resonant pump excitations, the electron-electron (e-e) scattering induce dephasing processes resulting in strong variations of the response time, from a few ps as the pump energy is tuned at the FES to ∼ 10 fs away from the Fermi level [8] [9] [10] . However, these incoherent effects are suppressed for off-resonant excitation, with the pump tuned below the FES resonance [10, 11] . Furthermore, for negative (τ < 0) time delays the pump/probe signal is due to the coherent interaction of the pump pulse with the polarization induced in the sample by the probe pulse and, again, the effects of incoherent processes are strongly attenuated [13] . Therefore, the difference in the coherent dynamics between the FES and excitons can be best observed under off-resonant conditions and for the pulse sequence where the probe precedes the pump [11] .
Here we investigate the ultrafast pump/probe dynamics of the FES-exciton hybrid, which is formed in asymmetric QW's with partially occupied subbands [14] [15] [16] [17] . In such structures, the interband optical transitions involving simultaneously one valence subband and several conduction subbands are allowed due to a finite overlap between the hole and electrons envelope wave-functions. The linear absorption spectrum of such system is described by the simple two-subband Hamiltonian [15] hole (E g is the bandgap), and v ij (q) is the screened e-h interaction matrix with diagonal (non-diagonal) elements describing the intrasubband (intersubband) scattering. Due to the screening, the interactions are short-ranged, so that for relevant momenta v ij (q) ≃ v ij . We consider the case when only the first subband is occupied, with the Fermi energy E F close to the exciton level, with binding energy E B , below the bottom of the second subband (see inset in Fig. 1 ). For large values of ∆ − E F − E B , the linear absorption spectrum represents two well separated peaks, the lower corresponding to the FES from subband 1, and the higher corresponding to the Fano resonance from the exciton of subband 2 broadened by the continuum of unoccupied states in subband 1. With decreasing ∆ − E F − E B , the FES and exciton become hybridized by the Coulomb interaction with the valence hole. This results in the transfer of oscillator strength to the FES, leading to a strong enhancement of the absorption peak near the Femi level. Such an enhancement comes from the resonant scattering of the photoexcited electron by the exciton level [14, 15] .
Note that even when the two peaks are hybridized, v 12 is typically much smaller than v ii (a value v 12 /v 11 ≃ 0.2 was used to fit the linear absorption spectrum in [15] ). Therefore, the two components of the hybrid retains their different natures. In the absence of coupling (v 12 = 0) this would lead to distinct dynamics under the ultrafast excitation. In the presence of coupling, one should expect new effects coming from interplay of the different dynamics governing the individual peaks, and the intersubband scattering that hybridizes them. We demonstrate that at negative time delays, the pump/probe spectrum undergoes a dramatic transformation due to the transient light-induced redistribution of the oscillator strength between the FES and exciton. We show that this redistribution is a result of the dynamical FS response to the pump pulse. In fact, the ultrafast pump/probe spectroscopy of a FESexciton hybrid can serve as an experimental test of difference between the FES and exciton dynamics.
Theory.-The total Hamiltonian of the system is H +H p (t)+H s (t), with H α (t) (α = p, s) describing optical excitations,
where
−k is the transition operator to the ith subband, µ i is the dipole matrix element, and E α (t) are the amplitudes of the probe (α = s) and pump (α = p) electric fields, propagating in the directions k α . In order to account for the e-h correlations that determine the dynamics of the hybrid, we use the multi-subband generalization of the method developed previously for the FES [18] . The non-linear pump/probe spectrum of the system with "bare" Hamiltonian (1) represents the linear response to the probe alone of the system with the Hamiltonian H + H p (t). In order to take advantage of the linear-response formalism, we adopt the "pump-dressed" effective HamiltonianH(t), which can be derived from H + H p (t) via the time-dependent Schrieffer-Wolf transformation [18, 19] . In fact, such a treatment mimics nicely the spirit of the pump/probe experiments. Importantly, it allows one to treat the e-h correlations nonperturbatively (beyond Hartree-Fock approximation (HFA)) and to obtain the absorption spectrum in all orders in the pump optical field (beyond χ (3) ). The details will be published elsewhere, and here we present only the final expressions. Assuming for simplicity a δ-function probe pulse, E τ (t) = E τ δ(t − τ ), the pump/probe polarization takes the form (t > τ )
where K(t, τ ) is the time-evolution operator for the effective Hamiltonian,
where H e−h is the same as in (1)
where Γ is the inverse dephasing time due to processes not included in H, and Ω = E g − ω p is the detuning. The Hamiltonian (4) is valid for short pump pulse duration, µ i E p t p < ∼ 1 (or large detuning, µ i E p /Ω < ∼ 1). Since p ik (t) are linear in E p (t), the self-energies are quadratic in pump field. Note that (i) the time-dependence of the self-energies follows that of the pump, and (ii) that the pump induces additional intersubband scattering, described by ∆ǫ c 12k (t). The effective transition operator appearing in Eq.
In the single-subband case, Eq. (6) takes a familiar form φ k (t) = 1 − |p k (t)| 2 -the usual Pauli blocking factor [18] ; in a multi-subband case, the latter is a matrix.
We now turn to the calculation of the polarization (3). The effective Hamiltonian (4) has the same operator form as the "bare" Hamiltonian (1), but with time-dependent band dispersions. This allows us to adopt the coupled cluster method [20, 21] , which provides the complete nonperturbative solution of the FES in the linear absorption case [22] , and allows for a straightforward generalization to the case of time-dependent Hamiltonians [23, 18] . We consider the physically relevant limit of large hole mass and neglect the hole recoil effects. This approach has a straightforward physical interpretation. The photoexcited e-h state K(t, τ )Ũ † i (τ )|0 , entering into (3), can be viewed as the propagation of the e-h pair excited by the probe pulse at time τ , described by amplitude Φ ij (k, t), dressed by the scattering of the FS excitations (dynamical FS response), described by the amplitude s ij (p, k, t) that satisfies the non-linear differential equation [21, 18] 
with initial condition s ij (p, k, τ ) = 0, and p and k labeling respectively the FS (ith subband) electron and the (jth subband) hole. Since only the first subband is occupied, the only nonzero components of s ij are s 11 (p, k, t) and s 21 (p, k, t), describing the intra and intersubband FS excitations. The amplitude Φ ij (k, t, τ ) satisfies a time-dependent Wannier-like equation
] is the energy shift due to the readjustment of the FS to a sudden appearance of a hole. In Eqs. (7) and (8)
is the effective e-h potential in the presence of dynamical FS response (second term).
Eqs. (8) and (7) give the exact response function with the Hamiltonian (4). In terms of Φ ij (k, t), the polarization (3) takes the form (t > τ )
with φ ij (k, t) given by (6) . The nonlinear absorption spectrum is then proportional to ImP (ω), where P (ω) is the Fourier transform of the rhs of (9). Numerical results.
-Below we present our results for the evolution of the pump/probe spectra of the FES-exciton hybrid. The spectra were obtained by numerical solution of the coupled systems (8) and (7), with the time-dependent band dispersions ǫ c ijk (t) and ǫ v k (t). The calculations were performed at zero temperature for off-resonant pump with the detuning ∆Ω = 1.0E F and duration t p E F = 2.0, and with typical values of parameters v 12 /v 11 = 0.2, and Γ = 0.1E F [15] (E F ∼ 20 meV in typical GaAs/GaAlAs QW's [14] ). In Fig. 1(a) we plot the absorption spectra at different negative time delays τ < 0. For better visibility, the curves are shifted vertically with increasing |τ |. The lowest curve represents the linear absorption spectrum. For the chosen value of ∆, the FES and excitonic components of the hybrid are distinguishable, with the FES peak carrying larger oscillator strength. It can be seen that, at τ < 0, the oscillator strength is first transferred to the exciton and then, with further increase in |τ |, back to the FES. At the same time, both peaks experience a blueshift, which is larger for the FES than for the exciton peak because the ac-Stark effect [24] for the exciton is weaker due to the subband separation ∆.
The transient exchange of oscillator strength originates from the very different effects produced by the pump on the FES and exciton components of the hybrid. At negative time delays, the time-evolution of the exciton bound state is governed by its dephasing time, essentially determined by the homogeneous broadening, because in a doped system the exciton-exciton correlations do not play a significant role due to screening. The pump pulse first leads to a bleaching of the exciton peak, which then recovers its strength at τ ∼h/Γ. On the other hand, since the FES is a many-body continuum resonance, (i) the bleaching of the FES peak is stronger, and (ii) the polarization decay of the FES is determined not by Γ, but by the scattering with the low-lying FS excitations. This leads to much faster dephasing roughly of the order of the inverse binding energy of the Mahan exciton [18] . It should be emphasized that the distinct dynamics of the FES and exciton cannot be captured within the HFA. This is demonstrated in Fig. 1(b) where we show the spectra obtained without the FS dynamical response, i.e., setting s ij = 0. Although in that case both peaks show blue shift and broadening, there is no significant transfer of oscillator strength. We note that the time-evolution of the hybrid spectrum is not a simple superposition of the dynamics of its components. The pump-induced self-energies lead to a flattening of the subbands, which can be viewed, to first approximation, as a time-dependent increase in the effective mass. This, in turn, enhances the scattering due to the increase in the density of states. Important is, however, that, due to the subband separation, this increase is stronger for the first subband. Therefore, the effect of the pump is to decrease the relative strength of the intersubband scattering, resulting in the oscillator strength transfer from the FES to exciton. In fact, such a transfer is even stronger when the linear absorption spectrum is dominated by the FES, as shown in Fig. 1(c) .
In conclusion, we investigated theoretically the coherent nonlinear optical response of the FES-exciton hybrid in a QW with partially occupied subbands. We found a strong redistribution of the oscillator strength between FES and exciton peak which is caused the different dynamics of the FES and exciton components of the hybrid. This difference originates from the dynamical Fermi sea response and leads to a dramatic transient changes in the pump/probe spectra. Such systems can be used to probe the role of the many-body correlations in the Fermi liquid versus bound states dynamics. 
